The initial stage of fiber structure development in the continuous neck-drawing of amorphous poly(ethylene terephthalate) fibers was analyzed by in-situ wide-angle x-ray diffraction, small-angle x-ray scattering, and temperature measurements. The time error of the measurements (< 600 μs) was obtained by synchrotron x-ray source and laser irradiation heating. A highly ordered fibrillar-shaped two-dimensional (smectic-like) structure was found to be formed less than 1 ms after necking. By analyzing its (001') and (002') diffractions, the length of the structure 60-70 nm were obtained. A three-dimensionally ordered triclinic crystal began to form with the vanishing of the structure around 1 ms after necking. The amount and size of the crystal were almost saturated within several milliseconds of necking, during which time a mainly exothermic heat of crystallization was also observed.
Introduction
Poly(ethylene terephthalate) (PET; [-O-CO-C 6 H 4 -CO-O-(CH 2 ) 2 )-] n ) is a semi-crystalline polymer that has a triclinic crystal system 1) . Although it is the most widely used polyester, its high-ordered structure and the relationship between its properties and structure remain unclear. While various structural models 2)-6) have been proposed for semi-crystalline polymers, the mechanical properties of a fiber cannot be estimated quantitatively by structural parameters. This is because the whole shape of a molecular chain cannot be expressed in terms of the structural parameters obtained for a produced fiber. The fiber structure, i.e., the characteristic structure in which the crystal and amorphous phases align along the fiber axis in alternating fashion, is formed during the melt spinning and/or drawing processes with the molecular chains' extension and instantaneous orientation-induced crystallization.
Thus, if we can analyze the fiber structure development process, we can predict the shape of a molecular chain more accurately and estimate, for example, the amount and state of the load-bearing structure, and thus design the fiber properties more quantitatively.
As a result, there are many reports on in-situ x-ray measurement that analyze the fiber structure development process. However, it is difficult to analyze the initial stage of fiber structure development because the orientation-induced crystallization is completed within a few milliseconds in the typical manufacturing process of PET fibers. In the case of melt spinning, there are some reports on the high-speed spinning line, dealing with the x-ray analysis of fiber structure development 17) -21) . In particular, the report by
Haberkorn et al. 18) , who took x-ray images of polyamide 66 fibers for a running speed of 5500 m/min, is important of its 0.16 ms time resolution, which can be estimated from the reported fluctuation width of the necking position of about 3 cm. In addition, in the case of PET, Kolb et al. 19 ) reported x-ray images with a corresponding time precision of ±0.3 ms for 4000-m/min high-speed spinning. Meanwhile, in the case of drawing, time-sharing measurements with a time interval of 40 ms were reported for the investigation of structure development after batch drawing of PET films 7) -12) . However, the draw ratio of the study was around 4.0, which is the minimum draw ratio that can cause orientation-induced crystallization, and the strain rate of the study (15 s -1 ) was far smaller than that used in the actual fiber manufacturing process. This is presumably why the reported crystallization rate of 40 s -1 11) is far smaller than the rate of around 1000 s -1 obtained by the temperature profiles in the processes of high-speed melt spinning 13) and drawing 33) . There are other reports on the continuous pin drawing process dealing with the draw ratio dependence of fiber structure development [14] [15] [16] . Although the take-up speed in these studies reached as high as 27 m/min 15) , the results for the first 51 ms after necking could not be obtained because the measuring point was fixed 23 mm away from the pin drawing point.
We have reported the results of in-situ measurements on the basis of the same principles as in the following studies: drawing behavior 30) , fiber temperature profile [33] [34] and wide-angle x-ray diffraction (WAXD)/small-angle x-ray scattering (SAXS) analysis 35) . That is, we have obtained the data as an accurate function of elapsed time after necking by measuring the distance from the measuring point to the necking point. The necking can be fixed in space accurately without any contact by rapid and uniform laser irradiation heating of the running fiber. By comparing the temperature profiles obtained by in-situ measurement with the profiles estimated from the drawing condition, the crystallization rate 33) and energy balance 34) in the drawing process were analyzed. As the result, part of the applied work of the drawing stress was stored as elastic energy, which was released in a few milliseconds with the progress of fiber structure development.
WAXD/SAXS images were taken at a time interval of 4 ms 35) . However, a time precision of ±8 ms is not sufficient for analyzing the fiber structure development. In addition, there was data for only one drawing condition. Moreover, the (001') diffraction, which is reported to correspond to the metastable intermediate , could not be observed in our previous study 35) .
Experimental

Measurement Principle
The in-situ measurement system for the laser drawing process is schematized in Figure 1 . Please refer to our previous reports for details [32] [33] [34] [35] . The running fiber was heated through three-directional irradiation by a CO 2 laser beam generated by a PIN-20S laser source (rated power of 20±1 W) manufactured by Onizuka Glass Co. Ltd. The diameter of the laser beam was 5 mm. The fiber was drawn by the speed difference between the feed and take-up rollers. The drawing was very stable and steady because the necking was fixed within the laser irradiation range 32) . Thus, we could analyze the fiber structure for a certain elapsed time t after external force deformation by taking WAXD/SAXS images and measuring the fiber temperature at position x, defined as the distance from the necking point shown in Figure 1 . For the WAXD/SAXS measurements, x was adjusted by moving the necking point, which is achieved by moving the mirror unit, and hence the laser irradiation point, along the fiber running direction. In the case of temperature measurement, x was adjusted by moving the measurement point, i.e., by moving a thermometer.
2.2
Drawing Conditions
The monofilament used for drawing in this study was prepared by melt-spinning of PET ([η] = 0.935 dl/g) provided by Toray, Co., Ltd. The spinning temperature was 300°C, the mass flow rate was 5.20 g/min, the take-up speed was 79 m/min, and the monofilament diameter was 248 μm. The drawing conditions are shown in Table 1 . The monofilament was drawn 4.0-6.0 times, and taken up at 6.0 and 48 m/min. The draw ratio range is chosen so as to ensure stable neck drawing. Neither neck drawing nor orientation-induced crystallization occurs below 4.0 times, and the fiber tends to break above 6.0 times. The laser power values in Table 1 were measured with a power-meter (Synrad Co., Ltd., PW-250). Although a slight fluctuation in laser power was observed during the measurements, this would hardly influence the fiber structure development because the drawing stress was stable.
2.3
Temperature Measurement
The fiber temperature was measured by an infrared thermometer manufactured by Japan Sensor Co., Ltd. 33, 34) A HgCdTe detector was used for the thermometer, and the response time was 10 ms. The thermometer was equipped with an interference filter for 5.78 mm wavelength, which corresponds to the stretch vibration of the PET carbonyl group. Further details on in-situ fiber temperature measurement can be found in previous reports [33] [34] .
2.4
X-ray Images
The synchrotron radiation x-ray source beam line 40B2 of SPring-8 was used for this study. The applied x-ray wavelength was 0.10 nm. The diameter of the x-ray beam was about 0.2 mm. WAXD/SAXS images were taken by a 3000×3000 pixel imaging plate with 400-and 1000-mm-long vacuum chambers. The exposure times of the WAXD and SAXS images were 180 s and 300 s, respectively. The camera lengths were calibrated by the diffractions of lead stearate (StPb). The neck-drawing position was determined by the transmitted x-ray intensity profile obtained by the ion chamber. Diffractions that were due to the polyimide film mounted on the vacuum chamber 25) were observed in the WAXD/SAXS images obtained. These were used as reference when compensating for the background scattering by subtracting a blank image. Further details on in-situ WAXD/SAXS measurement are presented in our previous report 35) .
The intensity profiles along the diffraction angle were taken from the obtained images. For this purpose, azimuthal intensity profiles were fitted by a Pearson VII equation (Eq. 5) 30) , assuming equal width τ for the three diffractions. The crystal orientation f was estimated using Eq. 6 by integrating the fitted profiles.
( ) 
Results and Discussion
3.1
Temperature Profiles
Temperature profiles along the fiber are shown in Figure 2 . The horizontal axes of (a) and (b) represent the distance from the laser beam axis along the running fiber direction, while those of (c) and (d) represent the elapsed time after necking. As shown in Figs. 2(a) and (b), the laser-heated fiber deforms abruptly at about 1.0 mm before the laser beam axis. At the necking point, the fiber temperature rises instantaneously with the plastic deformation. The fiber temperature just before the necking point decreases with increasing draw ratio.
These results agree with the results of Okumura et al. [32] [33] , who reported 33) that the hot-drawing form transformed into the cold-transformed form at a pre-drawing temperature around the glass-transition temperature of 80°C. As shown in Fig. 2 (c), this condition holds true for draw ratios in the 4.5 and 5.0 range in the present study, and the drawing stress increases steeply above this range. Thus, we regard the drawing form in this study as hot-drawing for draw ratios below 4.5, and cold-drawing above draw ratios of 5.0.
Under all drawing conditions, the fiber temperature attains its maximum value at about 2.5 mm past the laser beam axis, where the fiber passed through the laser beam. The maximum temperature increases with increasing draw ratio for both take-up speeds. As described later, the main features of the fiber structure emerges within 2.0 ms of necking, and then the structure is stabilized in several hundreds of milliseconds. As and then cools below the glass transition temperature in several hundreds of milliseconds.
3.2
Transmitted X-ray Intensity confirms that neck-drawing occurs in these regions of intensity increase. Because the elapsed time after necking t is calculated from the distance between the measurement point and the necking point, which is determined by the intensity profiles in the present study, the precision of the necking position determines the precision of t. The precision of the necking position can be estimated by the width of the region of intensity change in Figure 3 . Thus, the time precisions were estimated to be ±0.31 ms and ±1.0 ms from the widths ±0.25 mm and ±0.1 mm for the take-up speeds of 48 m/min and 6 m/min, respectively.
The origin of the horizontal axis in Figure 3 , defined as the laser beam axis, has low accuracy because it was adjusted by visual inspection 35) . To eliminate the error associated with this, we calculated the elapsed time in the present study by using the distance from the necking point as determined by the transmitted x-ray intensity profile, instead of the distance from the origin. The necking positions, as determined by the temperature profiles shown in Figure 2 , are also plotted in Figure it is possible to analyze the structure development process at the higher drawing speed with a time error of only a few microseconds.
The time error obtained is about 4% of the time error reported in our previous study 35) . It is the shortest time error reported for in-situ x-ray analysis of the fiber drawing process 35) . Moreover, it is almost equivalent to the shortest time error reported for the high-speed melt spinning process 18, 19) . The drawing process is advantageous over the melt spinning process in that it yields clear and highly reproducible diffraction images owing to the stable and steady drawing process, in which the applied stress is higher than in spinning. In addition, the structure development before neck-drawing can be ignored in the drawing process because the fiber hardly deforms before neck-drawing. This is a great advantage over melt spinning, where the structure development before neck-like deformation is complex 22) .
3.3
X-ray Patterns
WAXD and SAXS images are shown in Figures 4 and 6 , respectively. Figure 7 shows the enlarged WAXD image for a draw ratio of 5.5 at an elapsed time of 0.5 ms after necking. Equatorial (a), (c) and meridional (b) intensity profiles taken from the WAXD images are shown in Figure 5 . It is confirmed that the same amorphous halo observed for the as-spun fiber was observed for all WAXD images before necking. It can be shown for all drawing conditions that the crystal diffractions and the long period scattering appear at an elapsed time of about 1.0 ms and the fundamental fiber structure is formed within 1.0 -4.0 ms of necking.
Thus, we will discuss the fiber structure development process in the following three stages: the two-dimensionally ordered structure observed 0.5-1.0 ms after necking, the crystallization occurring 1.0-4.0 ms after necking, and the subsequent structural development.
3.4
Two-dimensionally Ordered Fibrillar Structure
WAXD images for 0.5 ms after necking are quite different from those for both before necking and 1.5 ms after necking. The images show sharp, streak-like meridional diffraction peaks, and the amorphous halo concentrated along the equatorial direction is sharper than that of the as-spun fiber. This clearly indicates that an intermediate metastable structure is formed during the process of fiber structure development from an oriented amorphous phase. Taking into consideration the time accuracy mentioned above, the elapsed time corresponding to these images is 0.5±0.6 ms after necking, which guarantees that the structure corresponds to the images formed less than 1.0 ms after necking. This means that the two-dimensionally ordered structure that emerged immediately after necking has high regularity. In addition, the streak-like shape of the meridional diffractions also indicates that the two-dimensionally ordered structure has a long fibrillar shape along the fiber axis. Because the structure has a two-dimensional regularity, the normal to the benzene rings lies in the plane perpendicular to the fiber axis, but does not align in any particular direction in this plane.
Thus, no sheeting develops in the structure, while random intermolecular interactions between the carbonyl dipoles 38) seem to result in a periodic positional regularity along the fiber axis.
The lowest-angle meridional diffraction in Figure 7 is presumably the (001') diffraction that has been observed in the batch-drawing of PET before the appearance of crystal diffraction 9, [23] [24] [25] [26] [27] [28] . Although not mentioned in the report, an intensity peak corresponding to the (001') diffraction was also observed in the WAXD profile at about 4 ms after neck-like deformation in the case of melt spinning 19) . Streak-like meridional diffractions that may correspond to (002') and (003') are also observed in the figure. As reported previously 8) 23), 24), 28) , the two-dimensionally ordered structure is presumably a precursor of a crystal because the (001') diffraction disappeared with the appearance of crystal diffraction. The d-spacing of the (001') plane, twice that of the (002') plane spacing, and three times that of the third layer streak-like diffraction are shown in Figure 8 . In all cases, the d-spacing of the (001') and (002') planes decreased with elapsed time, while those of the third layer showed an increasing trend. Thus, the third layer streak did not seem to be the (003') diffraction of the two-dimensionally ordered fibrillar structure. Rather, it may correspond to the third layer diffraction of the disordered crystal because the spacing after crystallization is coincident with the spacing of (001').
The d-spacing of the (001') plane increased with increasing draw ratio. The d-spacing for 0.5 ms after necking, namely 1.064-1.068 nm, is slightly shorter than the reported c-axis length of the PET crystal (1.075 nm) 1) , but is clearly longer than the 1.03 nm obtained for batch drawing by Ran et al 24) . Ran et al. proposed the smectic C phase whose chain axis tilted 15.7° from the fiber axis, while Kawakami et al. 28) proposed, on the basis of the change in the d-spacing values, that the smectic C phase transformed into smectic A at the boundary of the natural drawing region and stress-hardening region. According to the d-spacing value mentioned above, the two-dimensionally ordered structure observed in the present study must be the reported smectic A phase. The difference in phase can be explained by the difference in stress because the drawing stress applied in the present study is presumably higher than the natural drawing stress in the batch drawing process.
The length of the two-dimensionally ordered structure along the fiber axis estimated by the width of diffractions by Sherrer's formula (Eq. 4) is shown in Figure 9 . After the onset of crystallization, a clear decrease is observed. This is presumably caused by the disruption of the structure by the crystal developed.
The Hosemann's plot for (001'), (002') and the third layer diffractions are shown in Figure 10 . Because the intensity of the (002') diffraction is weaker than that of (001'), the data plotted is limited to ensure the reliability of the width. It is clear that the three plots do not lie on a line, which suggests that the third layer diffraction is not the (003') diffraction of the two-dimensionally ordered structure. Thus, we have estimated the lengths of the structure and its second kind distortion coefficient g II from the width of (001') and (002') planes. The estimated lengths and g II at 0.5 ms after necking are 60-70 nm and 3-4%, respectively. The lengths correspond to 4-6 times of the long period, one-sixth of the weight-averaged PET molecular chain length, and could correspond to the distance between chain entanglements. It suggests that the two-dimensionally ordered structure may be composed of a bundle of extended chains that bear the drawing tension at the necking deformation.
3.5
Crystallization Between 1.0 to 2.0 ms after necking, crystal diffractions appeared, gradually becoming more distinct, while the equatorial halo and the (001') and (002') diffractions disappeared. At the same time, the scattering intensity corresponding to the long period increased with the disappearance of the (001') diffraction in the SAXS patterns. The fact that these changes occurred simultaneously indicates that the fundamental fiber structure was formed at this time by transformation of the two-dimensionally ordered structure into a three-dimensional crystal alternated with amorphous phase.
To estimate the progress of crystallization, the crystal phase fraction was calculated from the equatorial WAXD intensity profiles with peak separation of the crystal and amorphous regions. The crystallinity index obtained is shown in Figure 11 . For all draw ratios, the crystal fraction increased to a half of that of the drawn fiber obtained at 2.0 ms after necking, reaching 80% at 10 ms after necking, and continued to increase gradually after that. We think that the increase in crystal diffraction intensity after 10 ms was not caused by the increase in the amount of crystal, but rather, mainly by the increase in crystallinity, as shown in Section 3.6. Thus, we estimated the crystallization rate from the crystallinity index χ for an elapsed time of less than 5 ms. The derived Avrami equation (Eq. 8) for one-dimensional heterogeneous nucleation was adopted for the calculation:
where the crystallization rate K = 700 s -1 , χ ∞ = 0.45, and t 0 = 0.6 s was determined by curve fitting. The delay time t 0 may correspond to the formation time of the two-dimensional ordered structure.
The fiber temperature, calculated from the obtained crystallization rate using the energy balance equation (Eq. 9) 34) , is shown in Figures 2(c) and (d) for a comparison with the measured temperature profiles.
Eq. 9
where W, C p and D f are the mass flow rate, specific heat, and fiber diameter, respectively. The first term, pertaining to the heating by CO 2 laser irradiation, was estimated by the intensity profile of the laser beam I(x) and the CO 2 laser absorbance of PET A. The second term, which represents the cooling effect of the surrounding air, was estimated by the fiber temperature T, room temperature T a , and heat transfer coefficient h, in which the heat transfer coefficient was calculated by the formula reported by Kase et al 31) . The third term, resulting from the exothermic plastic deformation, was estimated by the drawing force F and fiber velocity v under the assumption that the whole applied work was used instantaneously for the temperature rise at the necking point. The fourth term, expressing the exothermic heat of crystallization, was estimated by the heat of fusion for a perfect crystal H c 30) and the crystallinity of the drawn fiber χ DSC . The χ DSC values, corresponding to a temperature rise of 32-34 K, are measured by DSC and listed in Table 1 .
As shown in Figure 2 , all temperatures readings taken just after necking are lower than the corresponding estimated temperatures under all drawing conditions. This agrees with one of our previous reports 34) , which states that a part of the applied work is stored as elastic energy. The fiber temperature rises with the release of both stored elastic energy and latent heat of crystallization. As can be seen in the temperature rise in Figure 2 (a), the rate of energy release almost agrees with the crystallization rate obtained from the x-ray results.
Our previous manuscript on the same principle reports the onset of crystallization as 20 ms after necking 35) . However, the time error in that study is one order of magnitude larger than in this study, and it may be larger still because of the fluctuation of the necking point in the present study. Thus, the onset time of crystallization in the present study is much more reliable. Kolb et al. reported that crystallization was completed within 20 ms in the case of the 4200-m/min melt spinning-line 19) , while the degree of crystallization reported in the manuscript appears to be almost saturated within 4 ms of necking. The latter result agrees with the crystallization rate estimated by the temperature profile for 6000-m/min melt spinning 13) as well as with the results of the present study. Thus, we believe that there is no fundamental difference between the fiber structure development rates of PET in the processes of high-speed melt spinning and drawing, while there is a slight difference in the time dependence of the crystal orientation factor, as discussed below.
3.6
Crystal Size and Orientation
Although the fundamental fiber structure is formed within 2.0 ms of necking, the packing and orientation of the crystal formed continue to improve until solidification. . Even for the drawn fiber, d-spacing for each plane is 1 -2% larger than the value calculated from reported crystal parameters for drawn and annealed film 1) . It is presumably caused by less crystal perfection and/or the camera length error caused by d-spacing error of lead stearate.
The crystallite sizes estimated for the diffractions are shown in Figure 13 . These values show almost no time dependence except for a slight increasing trend in the case of the (100) direction. This means that the crystal that formed within several milliseconds of necking stopped growing after that, which suggests that almost no lamellar crystal is formed in this case. Moreover, the crystallite sizes perpendicular to the chain axis are almost the same as the diameter of the two-dimensionally ordered structure, which is presumably because almost all of the crystals were formed by transformation of the two-dimensionally ordered structure.
The crystal orientation factor is shown in Figure 14 . It increases with increasing draw ratio and elapsed time after necking. The increase with time occurs simultaneously with the improvement in chain packing, which shows the rearrangement of the fiber structure with high-temperature annealing. By contrast, the crystal orientation factor 19) reported for the high-speed melt spinning process did not change along the spinning line. The difference could be due to the difference in applied stress, which is deduced by the lower reported crystal orientation value of 0.9. It could also be caused by the difference in temperature profile after crystallization, which decreased monotonically for spinning, but increased up to about 200°C for drawing.
Moreover, the tilting of the c-axis of the unit cell is shown in Figure 4 . In particular, at a draw ratio of 4.0, the (010) and (100) diffractions were 0-4° off the equator, while the ( 110 ) diffraction was almost on the equator.
The separation clearly decreased with increasing draw ratio, but showed no time dependence.
The long periods obtained by the SAXS images are shown in Figure 15 . The figure shows the decreasing trend before an elapsed time of 10 ms, which corresponded to the time of crystal formation. The formation of the additional crystallites in the microfibril presumably shortens the interval between the crystallites.
3.7
Overview of Fiber Structure Development
The fiber structure development in the neck-drawing process of PET is schematized in Figure 16 . A one-dimensionally ordered nematic-like structure (Figure 16(a) ) presumably forms just after necking deformation of the amorphous fiber. The two-dimensionally ordered fibrillar structure shown in Figure 16(b) is formed from the one-dimensionally ordered structure in less than 1 ms. The intermolecular interactions of carbonyl dipoles presumably act as the driving force for this transformation. A three-dimensionally ordered triclinic crystal (c) is developed from the two-dimensionally ordered structure in a few milliseconds. The transformation from the two-dimensionally ordered structure into the crystal would be initiated by the sheeting induced by the alignment of the carbonyl dipole direction 38) . Following that, the sheets shift each other to avoid the benzene ring stacking with the tilt and slightly extend their chains. The two-dimensionally ordered fibrillar structure vanished with the formation of the long period structure (e). It suggests that the two-dimensionally ordered structure transformed to the so-called microfibril. In several hundreds of milliseconds, the eventual structure is stabilized through improvement in molecular packing of the crystal, in particular along the normal to the benzene ring, and through the structure rearrangement that occurs as a result of the slight increase in crystal orientation.
The fiber structure development shows no obvious draw ratio dependence with the exception of the (001') spacing and crystal orientation factor. In the temperature measurement discussed above, we assumed the drawing form in this study as hot-drawing for draw ratios below 4.5, and cold-drawing above draw ratios of 5.0. But the difference in drawing form does not affect the fiber structure development very much. We think that this can be explained by the fiber temperature. While hot-and cold-drawing differ in the fiber temperature before necking, the temperature during fiber structure development does not vary appreciably.
The results obtained in the present study help elucidate fiber structure development in the continuous high-stress drawing of PET, in particular the two-dimensionally ordered structure formed in the initial stage of structure development and the transformation of this structure into a triclinic crystal. But the time precision of ±600 μs obtained in this study was not sufficient for analyzing the structural transformation from the one-dimensionally ordered structure to the two-dimensionally ordered structure. However, adapting this principle to the high-speed drawing process will reduce the time precision to several microseconds, which may enable the structural transformation to be analyzed. 
